Abstract-Three derivatives of poly(allylcarbosilane) dendrimers of the fifth generation with different termi nal groups are synthesized. The influence of terminal groups on the properties of the dendrimers in bulk and solution is investigated by viscometry, precision adiabatic vacuum and differential scanning calorimetry, dynamic light scattering, and atomic force microscopy. It is shown that the surface layers of the dendrimers substantially affect their properties and behavior. The existence of the second relaxation transition and its dependence on the nature and structure of terminal groups are established. The experimental data indirectly confirm the assumed formation of intermolecular entanglement networks for higher generation dendrimers.
INTRODUCTION
The considerable interest of researchers in den drimers is due, on the one hand, to great possibilities for constructing dendritic molecules of diverse archi tectures, compositions, and structures of both outer and inner spheres and, on the other hand, to reason able expectations for their wide practical application, for example, in materials science, electronics, and medicine. The synthesis, modification, physicochem ical properties, and possible application areas of diverse dendrimers and hyperbranched polymers have been intensively studied [1] [2] [3] [4] [5] .
At present, particular attention is paid to the char acterization of dendrimers since this information is necessary for gaining insight into the structure-prop erties relationship for these compounds. The depen dence of different properties of dendrimers, such as the density, viscosity in solution and bulk, and glass transition temperature, on different parameters of dendritic molecules, primarily, on the nature of termi nal groups, has been described in the literature [6] [7] [8] . Because, in most cases, the molecular mass of termi nal groups is nearly half of the entire mass of a den drimer, the addition of terminal groups whose chemi cal nature differs from that of the dendrimer core inev itably changes its physical properties. Moreover, theoretical calculations testify that the glass transition temperature of dendritic systems depends primarily on their molecular structure and the polarity of terminal groups [9] .
Interesting data were obtained during study of glyc erol based dendrimers composed of layers formed from different acids [10] . It was found that glass tran sition temperature T g of dendrimers composed of lay ers of the same type coincides with the T g of dendrim ers of the same generation that consist of different lay ers but have the same surface layer. Thus, the prevailing effect of terminal groups on T g was demon strated in this case as well.
The investigation of different carbosilane dendrim ers by precision vacuum calorimetry and DSC [11] [12] [13] [14] [15] [16] [17] in a wide temperature range made it possible in some cases [13, 16] to discover and analyze the depen dence of their standard thermodynamic properties on their composition and structure. The systematic stud ies revealed the existence of the second relaxation transition for carbosilane dendrimers of higher gener ations [15, 16] . The appearance of this transition sug gests changes in the character of interactions between dendrimers with an increase in their generation num ber. It should be noted that the appearance of the sec ond relaxation transition upon passage from the fifth to sixth generation coincides with a change in the aggregation state of dendrimers; that is, dendrimers of the first to the fifth (inclusive) generation are transpar ent liquids with different viscosities, while from the sixth generation, they have a waxlike consistency. The densification of the surface layer might lead to forma tion of the physical network between dendrimers Hence, if the influence of dendrimer molecular struc ture on T g has become predictable, the appearance of the second transition calls for systematic investiga tions. It is obvious that the character of interaction that predetermines the appearance of the second transition is in many respects determined not only by the chem ical nature of the surface layer of a dendrimer but also by its physical parameters, such as the extent of mutual penetration of dendrimers into one another, the rigid ity of structural fragments, and the density of the molecular structure. Prior to assessing the effect of each factor on formation of the physical network, we have to accumulate extensive evidence sufficient for objective estimates. Therefore, the synthesis of den drimer derivatives with different structures of surface layers and investigation and comparison of their phys ical properties, including relationships between the nature and structure of outer layers and the existence of the second relaxation transition, are urgent prob lems.
The goal of this study was to synthesize three deriv atives of the fifth generation poly(allylcarbosilane) dendrimer with different structural organization of their surface layers and to establish its influence on the character of the second transition and the properties of the dendrimers on the whole.
In this paper, we consider the synthesis and proper ties of carbosilane dendrimers identical to previously investigated poly(allylcarbosilane) and poly(butylcar bosilane) dendrimers [18] in the core structure but dif ferent in the structure of substituents at silicon atoms located in the surface layer: We are dealing, in the first case, with a dendrimer containing undecyl surface groups; in the second case, with its analog having a mobile siloxane spacer between the core and the sur face groups; and in the third case, with a dendrimer whose molecular structure comprises a surface layer composed of short chain dimethylsiloxane fragments. This gradual variation in the nature of the surface lay ers enables us to initiate the systematic study of the nature of the second (high temperature) transition in the temperature dependence of heat capacity.
EXPERIMENTAL
The 1 H NMR spectra were registered with a Bruker WP 250 SY spectrometer (250.13 MHz) with the use of Me 4 Si as an internal standard. The IR spectra were recorded on a Bruker Equinox 55/S instrument.
The GLC analysis was performed with a 3700 chro matograph (Russia), a katharometer as a detector, helium as a carrier gas, 2000 mm × 3 mm columns, and SE 30 (5%) on Chromaton H AW as a stationary phase.
The GPC analysis was carried out on a Laboratorni Pristroje liquid chromatograph (Czechoslovakia) equipped with a RIDK 102 refractometer as a detec tor. A 300 mm × 7.8 mm column was used; Phenogel 10 × 4 Å (5 µm) (Phenomenex, United States) was the sorbent, and THF was the eluent (LiChrosphere 100, 300 and Silasorb 600 4 mm × 250 mm columns). The column chromatography was performed with the use of silica gel 60 (0.063-0.100 mm, Merck) as a sorbent and toluene as a solvent. The preparative chromato graphic system consisted of an Akvilon isocratic high pressure pump, an RIDK 102 refractometer as a detector, a 300 mm × 20.2 mm preparative column, Phenogel 10 × 3 Å (10 µm) as a sorbent, and THF as an eluent. The solvents were distilled off in vacuum (to 1 mmHg) upon heating to 333 K.
The intrinsic viscosities of the products were deter mined in an Ubbelohde viscometer with a capillary diameter of 0.3 mm. Measurements were performed at 298 K with the use of 1-2% stock solutions, which were consecutively diluted with toluene or THF. The temperature regulation was accurate to within 0.1 K.
Dendrimers were investigated by dynamic light scattering (DLS) with an ALV/DLS/SLS 5022F Compact Goniometer System setup (ALV GmbH, Germany) in an angular range of 10°-155° and with an angular resolution of 0.003°. A He-Ne laser (JDS Uniphase Corporation, United States) with a wave length of λ = 632.8 nm and a power of 22 mV was used. All measurements were performed at 298 K and a scat tering angle of 90° with toluene and THF as solvents. The concentration of the samples in solution was 1 g/l.
Atomic force microscopy (AFM) analysis was conducted with a Nanoscope IIIa device (Digital Instruments, United States) in the tapping mode at oscillation frequencies of 320-360 kHz, depending on the silicon cantilever (k = 50 N/m, Nanosensors, United States). The samples for AFM measurements were spin cast toluene solutions (1⎯2 g/l) on a rotat ing substrate.
The temperature dependences of heat capacity and the transformation temperatures of the samples were measured in the ranges 6-350 and 330-550 K with a BKT 3 entirely automated thermophys ical setup (an adiabatic vacuum calorimeter [19, 20] ) and an automated thermoanalytical complex operat ing as a triple thermal bridge (a differential scanning calorimeter [21, 22] ), respectively. The apparatus and procedures of measurements allowed us to determine the values of substances with errors of ±2%, ±0.5%, ±0.2%, and ±0.5-1.5% in the temperature ranges below 15, from 15 to 40, from 40 to 350, and above 350 K, respectively, and the temperatures of physical
